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In the past twenty years, one has heard much talk of a
biological revolution and of its consequences for man-
kind—not only in medical and economic achievement
but in the nature of man itself. Man may soon be able
to influence his own heredity directly, rather than only
by the indirect process of eugenics. Scientists and science
writers discuss such prospects with an uncasy mixture of
optimistic predictions of benefits to come and dire warn-
ings of possible catastrophes—as in Desmond Taylor’s
The Biological Time Bomb. Here 1 shall attempt to exam-
ine briefly the scientific basis of the expected develop-
ments, their probable nature. and the responsibility they
present to both scientists and the public.

What has happened in biology in the last two decades is
not a revolution but a scientific fulfiliment. Modemn biol-
ogy started about [00 vears ago with the foundation of
Darwin’s theory of evolution, which ties together all liv-
ing organisms, past, present and future. into a single his-
torical process of parenthood. The achievement of the
last decades is the understanding of the nature, function
and changes of the organic substrate of evolution, the
genetic material, which is the stuff that carries from one
generation to the next the set of instructions that dictate
what an organism is. how it responds, and what kind of
descendants it will in turn produce.

By 1952 the material of the genes was identified chemi-
cally as consisting of nucleic acid—generally (except in
some viruses) desoxyribonucleic acid or DNA. In 1953
Watson and Crick proposed for the structure of DNA a
model—the famous double helix—which not only proved
to be correct but opened up entire new approaches to the
study of the chemistry of heredity. Within the last sixteen
vears biologists have come up with the following satis-
factory picture of what genes are and how they function.

A gene is a certain stretch in a long DNA fiber con-
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tained in the chromosomes of the cell nucleus. It carries
in chemical imprint the detailed instructions for making
both new copies of itself at each cell division and dispos-
able “subcopies” or messages, which are used as instruc-
wions for synthesizing all the machinery of the cell. The
messages are molecules of another kind of nucleic acid
called RNA.

Gene structure and gene function are not immutable—
if they were, evolution and development could not take
place. On the one hand, the structure of genes can change
by mutation, a relatively rare accidental change in chemi-
cal composition. Natural selection then brings about evo-
lution by selecting for reproductive success those individ-
uals endowed with particular genetic constitutions. On
the other hand, the function of the genes in a cell is
regulated by the environment, including the action of
other genes in the same cell, the chemical messages from
other cells, and also the external environment such as
food and temperature. Thus while all cells of a complex
organism have identical sets of genes (barring rare muta-
tions), they function differently because some of their
genes (which may number from a few thousand to several
million, depending on the organism) receive different en-
vironmental signals.

The relevant point for this article is that all the essen.
tial features of the genetic process. insofar as they have
been clarified. have turned out to be interpretable in
strictly biochemical terms. No new principle or phenom-~
enon has emerged to justify the assumption that some
unigue “vitalist” principle is at work in biological proc-
esses. This point is essential to a grasp of the present
status and future course of biological technology, What
molecular biologists have done is to make the genetic
mechanism directly available to chemical experimentation.
Arthur Kornberg and other biochemists have purified
DNA from bacteria. viruses and from animal cells, in-
cluding human cells. They have then caused it to produce
more copies of itself in the test tube, under the influence
of enzymes extracted either from the same organism or
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from oher organisms. At the time of this writing, Gho-
bind Khorana is perfecting the chemical synthesis of a
gene in the test tube. The chemical mechanisms of gene
mutation have been clarified. The process of making gene
messages. and .be usc of these messages to produce the
individual pieces ol cell machinery, have been duplicated
and analyzed in the (ost tube, The nature of the chemical
signals—the regulatory substances that turn on and off
specific genes—-is now kown, at least in bacteria. Bio-
chemists have purified soc of these regulatory sub-
stances and demonstrated the'r actual attachment to the
specific genes that they block or unblock.

Obviously such knowledge, which rcaches to the
most intimate leve! of the hereditary mechanism, can
generate a new and powerful penetic technology. The
traditional technology was applied in agriculture and hus-
hundry to breeding desirable varieties of crops and ani-
mals. and in medicine to understanding, diagnosing and
treating such genetic disorders as hemophilia, diabetes and
phenylketanuria. Social application of classicul genetics in
the form of human eugenics has heen advocated but scl-
dom carricd our. The selective elimination of genctic de-
fects by restraining procreation on a voluntary basis has
never found much favor. Positive “germinal selection”—
that is. the spreading of cxceptionally desirable sets of
genes through sperm banks and artificial insemination—
was advocated forcefully by the great geneticist. H. J.
Mulier. but has encountered many objestions, inciuding
the cthical problems of who is to decide what is desirable
in human heredity. Tn any case, germinal sclection gives
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at best improved odds for superior progeny: the lottery
of genetics—the random distribution of chromosomes and
genes of each parent into different sperm cells or eggs
—makes this process slow and inefficient.

In Brave New World, his nightmarish utopia of a con-
ditioned humanity published in 1932, Aldous Huxlcy fore«
saw for the year 600 “Aftcr Ford” a type of eugenics
based on artificial fertilization, twinning induced in the test
tube, chemical conditioning of the growing embryos, and
psychological conditioning of the growing children. Some
of the embryological techniques imagined by Huxley, and
others even more powerful, are rapidly approaching real-
ity. For example, artificial fertilization of human eggs has
been recently achieved in the test tube by Edwards and his
co-workers in England. The scparation and reshuffling
of the cells ol fertilized mouse eggs in course of division,
followed by reimplantation and normal birth, has been
accomplished by Beatrice Miniz. And more than twenty
years ago, the nucleus of an unfertilized frog egg was re-
placed with the nucleus of an adult cell—a process that
could produce at will large numbers of truly identical
twins. It may soon become routinely feasible with mam-
mals, including man. Thus, at least in principle, Huxley’s
made-to-order human being has become feasible much
sooner than he anticipated.

But these embryological methods represent only a rela-
tively clumsy. unrelined technology when compared to the
one promised (or threatened) by frue genctic surgery—
the artificial correction, replacement, removal or addition
of genes, based on the discoverics of molecular biology.
A coupling of genetic intervention with embryological
surgery would open the way to truly awesome possibili-
ties. The actual applications are admittedly still very dis-
tant; but 1 believe it is not too soon to become aware of
the prospects.

Here are some of the relevant facts. In bacteria, which
are used most frequently for this kind of rescarch, it is
already possible to introduce genes or groups of gencs as
purified picces of DNA molecules. Under appropriate
conditions. thesc genes cnter the cells with a high chance
of replacing the corresponding resident genes. Thus a
bacterium that is sensitive to streptomycin, for example,
can be “transformed” to being resistant to streptomycin
by replacement of the appropriate gene. The descendants
of such a transformed bacterium arc all resistant. When
this process of gene replacement is carried out with un-
sorted DNA fragments it is very inefficient; but there are
methods, still being perfected. for sorting out DNA frag-
menls to correspond with individual genes or groups of
genes. | mentioned before that the chemical synthesis and
copying of penes in the test tube is also becoming pos-
sible. It is clear, therefore. that the ability to manufacture
large amounts of any specific gene may soon. like all
purely technical achievements, become only a matter of
investing sufficient money and personnel.

The introduction of specific genes into human cells,
especially in the cells of the germ linc that give rise to
sperm and cgg. is still far from actuality, But develop-
ments that may lead in that direction are already at hand.
Thus, at least in bacteria, some mild viruses can pick up
one or more genes from the cells in which they have
grown and transfer them Lo other cells. Then these genes
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